Introduction
============

Lung cancer is one of the most dangerous diseases in humans, accounts for nearly 15% of all new cancers, and causes more than one million deaths annually.[@b1-ijn-9-921],[@b2-ijn-9-921] It is estimated that approximately 85%--90% of lung cancer patients have a histologic diagnosis of non-small cell lung cancer (NSCLC).[@b3-ijn-9-921] Currently, chemotherapy remains the primary treatment strategy for patients with NSCLC. Unfortunately, the treatment effect is usually unsatisfactory due to serious systemic toxicity and limited killing of tumor cells.[@b4-ijn-9-921] Therefore, being able to exploit a novel drug delivery strategy to improve drug efficacy for NSCLC is of great importance.

Nanoparticles in the size range of 20--200 nm can be easily leaked into the tumor region and be retained there for a long time, owing to the well known enhanced permeability and retention effect.[@b5-ijn-9-921]--[@b7-ijn-9-921] By virtue of this characteristic, chemotherapeutic drugs can be selectively delivered to tumor tissue by physical encapsulation and/or chemical attachment to diverse nanocarriers,[@b8-ijn-9-921],[@b9-ijn-9-921] achieving so-called passive tumor targeting. Compared with other nanosized drug delivery carriers, liposomes have unique advantages,[@b10-ijn-9-921]--[@b12-ijn-9-921] including: the lipids used to prepare liposomes being nontoxic and able to be utilized by the body; pharmaceutical grade lipids being commercially available; and the preparation processes for liposomal formulations being convenient, with large-scale manufacture being easy to achieve. At present, a second-generation doxorubicin-loaded liposomal product (Doxil®) has been approved by the US Food and Drug Administration and has been shown to be effective in the clinic.

It is worthy of note that the surfaces of most cancer cells commonly overexpress certain specific receptors.[@b13-ijn-9-921]--[@b15-ijn-9-921] Consequently, conjugation of targeting ligands on the periphery of nanocarriers that specifically bind to these receptors can enable nanocarriers to recognize tumor cells after reaching the tumor region, enhance cellular uptake of the nanocarriers, and efficiently deliver their cargo into cancer cells. Application of targeting ligand-modified nanocarriers to achieve targeted delivery of antitumor drugs is becoming an important strategy in the treatment of cancer. Overexpression of epidermal growth factor receptor (EGFR) has been found in a wide variety of malignant cells,[@b16-ijn-9-921],[@b17-ijn-9-921] with about 40%--80% of NSCLCs showing high EGFR expression. GE11 is a novel peptide first reported on by Li et al in 2005,[@b18-ijn-9-921] and its high affinity for certain EGFR-positive tumor cells has been verified ex vitro and in vivo.[@b19-ijn-9-921],[@b20-ijn-9-921] However, the potential for use of this peptide as a targeting ligand to achieve targeted drug delivery to tumors, especially NSCLC, has not as yet been reported.

Enlightened by previous work, we hypothesized that a GE11-modified nanocarrier may be a promising candidate for targeted delivery of antitumor drugs to NSCLC overexpressing EGFR. In this study, liposomes were selected as the drug delivery nanocarrier because of their abovementioned merits, and GE11-modified liposomes were prepared by the widely used thin film hydration and post insertion methods.[@b21-ijn-9-921]--[@b23-ijn-9-921] A human lung adenocarcinoma (A549) cell line, which has been demonstrated to overexpress EGFR, was used as the tumor model of NSCLC.[@b24-ijn-9-921]--[@b26-ijn-9-921] Doxorubicin, which is sensitive to A549 cells, was selected as the payload because doxorubicin can be easily loaded into liposomes with high entrapment efficiency by the pH gradient method.[@b27-ijn-9-921]

It is generally accepted that the density of the targeting ligands on the surface of a nanocarrier plays a vital role in determining the efficiency of drug delivery.[@b28-ijn-9-921],[@b29-ijn-9-921] Assuming that GE11 can specifically bind to EGFR on NSCLC cells and increase the cellular uptake of liposomes, the optimal GE11 density required to achieve the best targeting efficiency needs to be determined. Further, to our knowledge, cellular uptake of ligand-modified nanocarriers is primarily mediated by clathrin-dependent and clathrin-independent pathways.[@b30-ijn-9-921],[@b31-ijn-9-921] However, with respect to this GE11-modified liposome, much less is presently known about the uptake mechanism. Therefore, we needed to clarify the cellular uptake mechanism for this targeted liposome to help us understand better the role of GE11 in facilitating cellular internalization of the liposome.

In the present study, we prepared a series of doxorubicin-loaded liposomes with different GE11 densities (0%--15%) and investigated their characteristics, including size distribution, zeta potential, drug entrapment efficiency, and morphology. The optimal GE11 density was determined by cytotoxicity experiments. Cellular uptake of the liposomes was assessed by fluorescence microscopy and flow cytometry. The mechanism of cellular uptake of the liposomes was systematically investigated as well. Finally, an A549 tumor model was constructed and the tumor-targeting potential of the liposome in vivo was examined using a near-infrared fluorescence imaging system.

Materials and methods
=====================

Materials
---------

Doxorubicin hydrochloride was obtained from HuaFeng United Technology Co, Ltd (Beijing, People's Republic of China), cholesterol from Sinopharm Chemical Reagent Co, Ltd (Shanghai, People's Republic of China), and soy phosphatidylcholine from Tywei Pharmaceutical Co, Ltd, (Shanghai, People's Republic of China). 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-\[maleimide (polyethylene glycol) 2000)\] (DSPE-PEG~2000~-Mal) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-\[methoxy (polyethylene glycol) 2000\] (DSPE-PEG~2000~) was purchased from Avanti Polar Lipids (Alabaster, AL, USA). GE11 peptide with terminal cysteine (Cys-YHWYGYTPQNVI) was synthesized by GL Biochem Ltd (Shanghai, People's Republic of China). Roswell Park Memorial Institute-1640 medium, penicillin, streptomycin, fetal bovine serum, and trypsin solution were sourced from Gibco BRL (Gaithersberg, MD, USA). 3-(4,5-Dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT), Hoechst 33342, and Lyso tracker green DND-26 were purchased from Molecular Probes (Eugene, OR, USA). Chlorpromazine hydrochloride and colchicine were obtained from Shanghai Genestar Co, Ltd (Shanghai, People's Republic of China). Filipin was from Cayman Chemical Company (Ann Arbor, MI, USA) and Cy7 mono NHS ester was from Mycomebio Biomedical Science and Technology Center (Beijing, People's Republic of China). All other chemicals were of analytical or chromatographic grade.

Cell lines and animal model
---------------------------

An A549 NSCLC cell line and a K562 human leukemia cell line were obtained from the Shanghai Institute of Cell Biology. Cells were cultured in Roswell Park Memorial Institute-1640 medium supplemented with 10% (v/v) fetal bovine serum, 100 IU/mL penicillin, and 100 μg/mL streptomycin sulfate at 37°C in 5% CO~2~.

Male Balb/c nude mice aged 4--6 weeks were purchased from Shanghai Laboratory Animal Co, Ltd (Shanghai, People's Republic of China). The mice were housed at 25°C and 55% humidity under natural light/dark conditions and allowed free access to food and water. All animal procedures were performed following the protocol approved by the animal study committee of Soochow University.

Synthesis of DSPE-PEG~2000~-GE11
--------------------------------

Synthesis of DSPE-PEG~2000~-GE11 was performed according to a previous study with some modifications.[@b32-ijn-9-921] First, DSPE-PEG~2000~-Mal (20.0 mg, 0.0075 mmol) was dissolved in 5 mL of deionized water, followed by addition of GE11 (18.6 mg, 0.011 mmol). The reaction was maintained for 24 hours at room temperature under gentle stirring and the reaction process was monitored by thin-layer chromatography (CHCl~3~:CH~3~OH =4:1). When the spot of DSPE-PEG~2000~-Mal disappeared, the reaction ceased and the conjugation efficiency was determined by a gradient high-pressure liquid chromatography (HPLC) method. After dialysis and lyophilization, the DSPE-PEG~2000~-GE11 obtained was analyzed by ^1^H-NMR (400 mHz, Varian Medical Systems, Palo Alto, CA, USA) in dimethyl sulfoxide and Fourier transform infrared spectra (ProStar LC240, Varian Medical Systems).

The detailed HPLC conditions were as follows: chromatographic separation was performed on a Promosil C18 column (250 mm × 4.6 mm, 5 μm) with the column temperature set at 30°C. The mobile phase consisted of 100% acetonitrile-0.1% trifluoroacetic acid (eluent A) and 100% water-0.1% trifluoroacetic acid (eluent B), and the eluted gradient was set from 28% eluent A/72% eluent B to 53% eluent A/47% eluent B in 25 minutes. The eluting flow rate was fixed at 1.0 mL per minute. The monitor wavelength was 220 nm and the injection volume was 20 μL.

Preparation of GE11-modified liposomes
--------------------------------------

GE11-modified liposomes loaded with doxorubicin (GE11-LP/DOX) were prepared using a combination of the thin film hydration method and post insertion method. Briefly, lipids of soy phosphatidylcholine and cholesterol at a molar ratio of 2:1 were dissolved in ethanol, and the ethanol was then removed by rotary evaporation. The lipid film obtained was hydrated in citrate buffer (pH 4.0) for 20 minutes at 40°C. Subsequently, the solution was sonicated at 100 W on ice for 10 minutes and treated further with high pressure at 15,000 psi for 5 minutes using a microfluidization device (Nano DeBEE, South Easton, MA, USA). The blank liposomal solution (125 mg, 0.2 mmol) was diluted using 0.2 M disodium hydrogen phosphate to pH 7.4, and doxorubicin solution (8.3 mg, 0.014 mmol) was added and incubated for 30 minutes at 70°C. Finally, DSPE-PEG~2000~-GE11 and DSPE-PEG~2000~ at different molar ratios were added to the doxorubicin-loaded liposomal solution and incubated at 55°C for 60 minutes to enable insertion. The unloaded doxorubicin was removed by dialysis against water. As a control, liposomes without GE11 (PEG-LP/DOX) was prepared using the same method.

Characterization of liposomes
-----------------------------

### Particle size and zeta potential

The particle size and zeta potential of the plain liposomes, LP/DOX, PEG-LP/DOX, and GE11-LP/DOX were measured by dynamic light scattering (NicompTM380ZLS zeta potential/particle sizer, Particle Sizing Systems, Port Richey, FL, USA). Before analysis, each sample was diluted 20-fold in distilled water (pH 7.4) to obtain the appropriate liposomal concentration.

### Morphology

The morphology of the liposomes was observed using a transmission electron microscope (TecnaiG220, FEI, Hillsboro, OR, USA). The liposomal solution was dropped onto a carbon-coated copper grid followed by drying in air, and the sample was then subjected to observation.

### Encapsulation efficiency

The encapsulation efficiency of doxorubicin in the liposomes was determined by HPLC. Briefly, 0.5 mL of the liposomal sample was first added in Super filter (UFC501096, Millipore Corporation, Billerica, MA, USA) and then centrifuged at 10,000 rpm for 30 minutes. The amount of ultrafiltrated doxorubicin was measured by HPLC. The encapsulation efficiency of doxorubicin was calculated using the formula: (*M~1~* − *M~2~*)/*M~1~* × 100%, where *M~1~* and *M~2~* are defined as the mass of the initially added doxorubicin and nonnencapsulated doxorubicin, respectively.

Chromatographic separation was performed on a Promosil C18 column (250 mm × 4.6 mm, 5 μm) with the column temperature set at 30°C. The mobile phase was composed of 65% (v/v) methanol in ammonium dihydrogen phosphate buffer (pH 2.8). The eluting flow rate was fixed at 1.0 mL per minute. The monitor wavelength was set at 491 nm and the injection volume was 20 μL.

### Cytotoxicity test

The cytotoxicity of liposomes with GE11 densities ranging from 2.5% to 15% was evaluated by MTT assay. A549 cells were seeded in 96-well plates at a density of 8 × 10^3^ cells per well and cultured for 24 hours. Next, the culture medium was withdrawn and replaced by medium containing GE11-LP/DOX solution (doxorubicin concentration 7.5 μg/mL). After 48 hours, 100 μL of MTT (0.5 mg/mL) were added to each well and incubated for 4 hours. Finally, 100 μL of dimethyl sulfoxide was added to each well, and the absorbance of each well was measured using a microplate reader (Thermo Scientific, Waltham, MA, USA) at 492 nm. Cell viability was calculated by determining the viability of treated cells relative to that of the nontreated controls. To exclude the cytotoxic effect of the liposomal carrier and GE11 on A549 cells, the cytotoxicity of liposomes without doxorubicin, including plain liposomes, PEG-LP, and GE11-LP, was evaluated by MTT assay before screening for the optimal GE11 density. Half maximal inhibitory concentrations (IC~50~) for free doxorubicin, PEG-LP/DOX, and GE11-LP/DOX with the optimal GE11 density were determined using the same method. The values were calculated from a best fit line of at least three points in the linear range of cell viability.

Cellular uptake study
---------------------

### Observation of cellular uptake by confocal microscopy

First, 1 × 10^4^ A549 cells were seeded in 24-well plates and cultured for 24 hours. PEG-LP/DOX or GE11-LP/DOX solution (4 μg/mL doxorubicin diluted in serum-free medium) was incubated with cells for 1 hour or 2 hours. After removal of the medium, the cells were treated with Hoechst 33342 (10 μg/mL) for 20 minutes. Finally, the cells were rinsed three times with phosphate-buffered saline (pH 7.4) and observed at 40× magnification using a confocal microscope (TCS-SP2, Leica, Heidelberg, Germany) with 488 nm/560 nm for doxorubicin and 350 nm/461 nm for Hoechst 33342. To observe whether or not free GE11 could hinder cellular uptake of GE11-LP/DOX, A549 cells were preincubated with free GE11 (20 μg/mL) for 30 minutes before they were exposed to the GE11-LP/DOX solution.

### Flow cytometry analysis

Quantitative analysis of cellular uptake of doxorubicin by A549 cells and K562 cells was done by flow cytometry. The cells were seeded at a density of 1 × 10^5^ cells per well in six-well plates and cultured for 24 hours at 37°C. The medium was replaced with PEG-LP/DOX or GE11-LP/DOX solution at a final concentration of 4 μg/mL doxorubicin for one hour or two hours at 37°C. The cells were then trypsinized, washed three times with cold phosphate-buffered saline, centrifuged at 1,500 rpm for 3 minutes, and resuspended in 0.5 mL of phosphate-buffered saline. The resulting cell suspension was analyzed by flow cytometry (FC500, Beckman Coulter, Brea, CA, USA) equipped with an argon ion laser (488 nm) as the excitation source. The fluorescence of doxorubicin was detected at 560 nm (FL2-H). Data for the individual fluorescence of 1 × 10^4^ cells were collected for each sample. Cells incubated with medium were used as the negative control. For the competition experiments, free GE11 (20 μg/mL) was preincubated with A549 cells for 30 minutes, followed by continued incubation with GE11-LP/DOX solution.

Study of cellular uptake mechanism
----------------------------------

### Low temperature and ATP depletion experiments

To evaluate the effect of low temperature on cellular uptake, A549 cells were preincubated at 4°C for 30 minutes. After addition of PEG-LP/DOX or GE11-LP/DOX solution (4 μg/mL doxorubicin) and culture at the same temperature for a further hour, the cells were trypsinized and centrifuged at 1,500 rpm for 3 minutes to obtain a cell pellet, which were subsequently resuspended in phosphate-buffered saline and examined by flow cytometry. To evaluate the effect of ATP depletion, A549 cells were preincubated with sodium azide 10 mM and 2-deoxy-d-glucose 6.5 mM in phosphate-buffered saline (pH 7.4) at 37°C for one hour. Next, the cells were treated with PEG-LP/DOX or GE11-LP/DOX solution (4 μg/mL doxorubicin) in the presence of sodium azide and 2-deoxy-d-glucose at 37°C for a further hour. Finally, the cells were trypsinized and collected for analysis by flow cytometry. Cellular uptake at 37°C was used as a control and its fluorescence intensity was expressed as 100%.

### Cellular uptake experiments with various endocytosis inhibitors

To study the effect of endocytosis inhibitors on cellular uptake of PEG-LP/DOX and GE11-LP/DOX, A549 cells were preincubated individually with the following inhibitors: chlorpromazine (10 μg/mL), colchicine (40 μg/mL), and filipin (4 μg/mL). After preincubation for one hour, fresh medium containing PEG-LP/DOX or GE11-LP/DOX solution (4 μg/mL doxorubicin) with inhibitors at the above-mentioned concentrations was added and further incubated for one hour. Subsequently, the cells were washed three times with cold phosphate-buffered saline (pH 7.4). To measure the inhibitory effect quantitatively, the cells were trypsinized and harvested for flow cytometry analysis. Cells in the presence of PEG-LP/DOX or GE11-LP/DOX but without inhibitor treatment were used as controls and their fluorescence intensities were expressed as 100%. Prior to the inhibition experiment, the toxicity of each endocytosis inhibitor at a defined concentration was assessed by MTT assay.

### Observation by confocal laser scanning microscopy

Confocal laser scanning microscopy was used to investigate the intracellular distribution of the liposomes. A549 cells were seeded on glass coverslips, which were placed in six-well plates and cultured at 37°C. After 24 hours, PEG-LP/DOX or GE11-LP/DOX solution with 4 μg/mL doxorubicin was added and incubated for 1 hour or 2 hours at 37°C. The medium was then removed and the cells were treated with Lyso tracker green (80 μg/mL) for 60 minutes and Hoechst 33342 (10 μg/mL) for 20 minutes. Finally, the cells were treated with 5% paraformaldehyde at room temperature for 15 minutes to fix the cells and imaged by confocal laser scanning microscopy (TCS-SP2, Leica). The excitation and emission wavelengths of Lyso tracker green were 504 nm and 534 nm, respectively.

### In vivo imaging study

The EGFR-overexpressing tumor xenograft model was established by inoculation of 1 × 10^7^ cells (in 100 μL of serum-free medium) into the subcutaneous tissue of the right hind leg in live nude mice. When the size of the tumors reached 0.4--0.6 cm in diameter, 200 μL of Cy7-labeled PEG-LP or Cy7-labeled GE11-PEG-LP (20 μg/mL Cy7) was injected into the tumor-bearing mice via the tail vein. After the mice were anesthetized, whole body fluorescence images were acquired using the Cy7 channel (excited at 747 nm and recorded at 774 nm) at different time points (2, 8, 12, 24, and 36 hours). At the same time, the mean fluorescence intensity of Cy7-labeled liposomes in the tumor region was calculated using a near-infrared fluorescence imaging system (Kodak, Rochester, New York, NY, USA). Liposome labeled with the near infrared dye, Cy7, was prepared by a two-step process: first, the amine group of DSPE was reacted with the succinimidyl ester of Cy7, and DSPE-Cy7 was then incorporated into the liposome according to the methods mentioned earlier and the content of DSPE-Cy7 was fixed at 0.5 mol% of total lipid content.

Statistical analysis
--------------------

The data were expressed as the mean ± standard deviation. The resulting values from each experiment were compared by one-way analysis of variance, and multiple comparisons between the groups were performed using the Student-Newman-Keuls method. Statistical significance was set at a level of *P*\<0.05.

Results and discussion
======================

Synthesis and characterization of DSPE-PEG~2000~-GE11
-----------------------------------------------------

GE11 was conjugated to DSPE-PEG~2000~-Mal by an addition reaction and the structure of the product was verified by ^1^H-NMR and Fourier transform infrared spectroscopy. As shown in [Figure 1A](#f1-ijn-9-921){ref-type="fig"}, the peaks at 0.81 ppm and 1.23 ppm were attributed to methyl and methylene protons in DSPE, while the peaks at 3.53 ppm and 6.5--9.3 ppm were attributed to PEG and GE11, respectively. In the Fourier transform infrared spectrum ([Figure 1B](#f1-ijn-9-921){ref-type="fig"}), the peak at 1,105 cm^−1^ was the stretching vibration of C--O--C in the PEG segment and the peak at 1,679 cm^−1^ was the stretching vibration of C(=O)--N in GE11. These results suggested that GE11 was successfully conjugated to DSPE-PEG~2000~-Mal.

Further, the conjugation efficiency of GE11 to DSPE-PEG~2000~-Mal was quantitatively determined by HPLC. From the chromatogram of the reaction solution ([Figure 1C](#f1-ijn-9-921){ref-type="fig"}--[d](#f1-ijn-9-921){ref-type="fig"}), it was interesting to see that there was an additional peak at 11.2 minutes over and above the characteristic peaks of the solvents and GE11. We speculated that the new peak could be ascribed to the dimer of GE11 due to the residual thiol group in GE11 molecule. To confirm this, DL-dithiothreitol (DTT), a reducing agent, was added to the reaction solution before HPLC determination. As shown in [Figure 1C](#f1-ijn-9-921){ref-type="fig"}--[e](#f1-ijn-9-921){ref-type="fig"}, the peak at 11.2 minutes disappeared while the peak intensity corresponding to GE11 increased after treatment with DTT. This result validated our assumption well and indicated a need for treatment with DTT before analysis by HPLC. The calculated conjugated efficiency of GE11 was above 90%, indicating that most GE11 molecules were reacted with DSPE-PEG~2000~-Mal.

Preparation and characterization of GE11-LP/DOX
-----------------------------------------------

The preparation procedures used for GE11-LP/DOX were divided into two steps (as shown in [Figure 2A](#f2-ijn-9-921){ref-type="fig"}). First, doxorubicin-loaded liposomes without PEGylation were prepared using the thin film hydration and pH gradient methods. Later, solutions containing different molar ratios of DSPE-PEG~2000~ to DSPE-PEG~2000~-GE11 (shown in [Table 1](#t1-ijn-9-921){ref-type="table"}) were mixed with the doxorubicin-loaded liposomes and incubated at 55°C for one hour, yielding GE11-LP/DOX at GE11 densities ranging from 0% to 15%. The physicochemical characteristics of these liposomes are shown in [Table 1](#t1-ijn-9-921){ref-type="table"}. It can be seen that the particle size and zeta potential of the plain liposomes and LP/DOX were nearly identical, indicating that encapsulation of doxorubicin into the liposome did not affect the physicochemical characteristics of the liposome. Moreover, it should be noted that the mean particle size, zeta potential, and encapsulation efficiency of GE11-LP/DOX were nearly the same irrespective of the GE11 density, suggesting that modification by GE11 had little influence on the characteristics of the liposomes. Interestingly, the mean particle size of GE11-LP/DOX was about 7 nm larger than that of LP/DOX, this slight difference suggesting that DSPE-PEG~2000~-GE11 was successfully inserted into LP/DOX. Transmission electron microscopic images of LP/DOX and GE11-LP/DOX showed that the morphology of LP/DOX was regularly spherical ([Figure 2B](#f2-ijn-9-921){ref-type="fig"}--[a](#f2-ijn-9-921){ref-type="fig"}), while a rough surface was observed for GE11-LP/DOX ([Figure 2B](#f2-ijn-9-921){ref-type="fig"}--[b](#f2-ijn-9-921){ref-type="fig"}), which was probably due to dehydration and shrinkage of the hydrophilic PEG chains.

Screening of optimal GE11 density and IC~50~ test
-------------------------------------------------

Generally, the targeting ligand density on the surface of nanocarriers is closely related to targeting efficiency. In this study, to optimize the GE11-LP/DOX ligand density, an MTT assay was performed using A549 cells. With the aim of excluding the cytotoxic effect of the liposomal carrier and GE11 on A549 cells, the cytotoxicity of liposomes without doxorubicin was evaluated first. As shown in [Figure 3A](#f3-ijn-9-921){ref-type="fig"}, all experimental groups tested showed high cell viability (above 95%), indicating that the liposomal carrier and GE11 were nontoxic to A549 cells. It was later found that the cytotoxicity of GE11-LP/DOX was highly dependent on the density of GE11 (see [Figure 3B](#f3-ijn-9-921){ref-type="fig"}). GE11-LP/DOX showed stronger cytotoxicity compared with PEG-LP/DOX (*P*\<0.05) only at a GE11 density of 2.5%. As the GE11 density steadily increased, the cell viability gradually decreased, reaching a minimum value of about 25% when GE11 density was 10%. Interestingly, the cell viability for liposomes with a 15% GE11 density (about 26%) was very similar to that for liposomes with a 10% GE11 density, indicating that a GE11 density of 10% was enough to enable receptor-ligand binding. Taken together, these results demonstrated that introduction of GE11 was beneficial for improving the cytotoxic effect of the liposomes and that the GE11 density had a critical impact on the antitumor activity of the liposomes. In this study, GE11-LP/DOX with a GE11 density of 10% showed the best antitumor effect, so this liposomal formulation was chosen for investigation in the studies followed.

The IC~50~ values for free doxorubicin, PEG-LP/DOX, and GE11-LP/DOX were determined by MTT assay and the results were shown in [Figure 3C](#f3-ijn-9-921){ref-type="fig"}. At higher drug concentrations, both free doxorubicin and the liposomal formulations showed stronger cytotoxicity, indicated by decreasing cell viability. Although free doxorubicin was always associated with lower cell viability, its tumor killing activity would be impaired in vivo due to the lack of cell selectivity and short-term retention in the body. It was noteworthy that the cell viability for GE11-LP/DOX was lower than that for PEG-LP/DOX at all drug concentrations tested, further confirming that modification by GE11 indeed played a vital role in promoting the antitumor effect of the liposome. The IC~50~ for GE11-LP/DOX was calculated to be 1.29 μg/mL, which was 2.6-fold lower than the IC~50~ for PEG-LP/DOX (3.35 μg/mL).

Cellular uptake of the liposomes
--------------------------------

Confocal microscopy was used to investigate cellular uptake of the liposomes and the results were shown qualitatively by the fluorescent images in [Figure 4](#f4-ijn-9-921){ref-type="fig"}. A549 cells treated with GE11-LP/DOX showed stronger fluorescence than PEG-LP/DOX at both 1 hour and 2 hours, suggesting that GE11 could facilitate effective cellular uptake of the liposome. To verify further the role of GE11, A549 cells were preincubated with free GE11, which is believed to block specific binding of the GE11-modified liposome. As shown in [Figure 4C](#f4-ijn-9-921){ref-type="fig"} and [F](#f4-ijn-9-921){ref-type="fig"}, the uptake of GE11-LP/DOX was markedly inhibited to a degree similar to that achieved by PEG-LP/DOX, indicating that GE11 indeed possessed specific targeting ability for A549 cells. In addition, it was of note that the fluorescence of GE11-LP/DOX and PEG-LP/DOX became stronger with prolongation of the culture time, indicating that cellular uptake of the liposomes occurred in a time-dependent manner.

Quantitative analysis of cellular uptake of the liposomes was performed by flow cytometry. As shown in [Figure 5B](#f5-ijn-9-921){ref-type="fig"}, A549 cells consistently took up more GE11-LP/DOX and the mean fluorescence intensities were about 1.7-fold and 1.9-fold stronger than that for PEG-LP/DOX at 1 hour and 2 hours, respectively. Moreover, after treatment with free GE11, the mean fluorescence intensity for GE11-LP/DOX decreased significantly. These results agree fairly well with the observations made by fluorescence microscopy.

K562 tumor cells (which are EGFR-negative) were used to confirm further that improved cellular uptake of the liposome was a result of specific EGFR-mediated endocytosis. As shown in [Figure 5C](#f5-ijn-9-921){ref-type="fig"}, the mean fluorescence intensity for both liposomal formulations was nearly the same after incubation for one hour. In addition, no significant difference was noted in mean fluorescence intensity at 2 hours (data not shown). On the basis of these results, we can draw the conclusion that GE11 enables these liposomes to bind specifically to EGFR-positive A549 tumor cells and be taken up in an efficient manner.

Cellular uptake mechanism of the liposomes
------------------------------------------

### Effects of low temperature and ATP depletion on cellular uptake

To elucidate whether the uptake of GE11-LP/DOX by A549 cells is an active energy-dependent or energy-independent process, the effect of low temperature and ATP depletion on cellular uptake was assessed. For comparison, cellular uptake of PEG-LP/DOX was also investigated under the same conditions. As shown in [Figure 6A](#f6-ijn-9-921){ref-type="fig"}, low temperature markedly reduced cellular uptake of PEG-LP/DOX and GE11-LP/DOX to 61.5% and 41.3% of the control value, respectively. In the ATP depletion experiment ([Figure 6B](#f6-ijn-9-921){ref-type="fig"}), cellular uptake of PEG-LP/DOX and GE11-LP/DOX was decreased to 68.9% and 57.0% of the control value after treatment with sodium azide and 2-deoxy-d-glucose, both of which are agents causing depletion of the intracellular ATP pool.[@b33-ijn-9-921],[@b34-ijn-9-921] These results show that cellular uptake of GE11-LP/DOX and PEG-LP/DOX involves an active energy-dependent process.

### Effects of endocytosis inhibitors on cellular uptake

Endocytosis can be broadly divided into phagocytosis and pinocytosis. Phagocytosis occurs only in some specific cells, including macrophages, neutrophils, and monocytes. Consequently, cellular uptake of nanocarriers could be ascribed to pinocytosis. In most cases, clathrin-mediated endocytosis, one type of pinocytosis, is the main route by which nanocarriers enter cells; however, this is not always the case. For instance, Oba et al have reported that caveolae-mediated endocytosis and not clathrin-mediated endocytosis is the primary route of cell entry for cRGD peptide-modified polymeric micelles.[@b35-ijn-9-921] Hence it is worthwhile to gain an insight into which pathways are involved in endocytosis of liposomes and if there is a difference in this regard between GE11-modified liposomes and its non-modified counterpart. This study would help us to understand better the role of GE11 in the endocytosis process as well as in the intracellular fate of the liposome. Prior to the inhibition experiment, the cytotoxicity of the chosen concentration of inhibitors was evaluated. As shown in [Figure 7A](#f7-ijn-9-921){ref-type="fig"}, cell viability was higher than 95% at the concentration used for each inhibitor, indicating that the inhibitors were not toxic to A549 cells. Moreover, this result confirmed that the inhibition effect shown in [Figure 7B](#f7-ijn-9-921){ref-type="fig"} was specific to the inhibitors rather than the cytotoxicity of the used endocytosis inhibitors.

Chlorpromazine was used to inhibit clathrin-mediated endocytosis via dissociation of the clathrin lattice.[@b31-ijn-9-921],[@b36-ijn-9-921] After treatment with chlorpromazine, the mean fluorescence intensities for PEG-LP/DOX and GE11-LP/DOX were decreased to 87.0% and 74.9% of control values, respectively, indicating that clathrin-mediated endocytosis was involved in cellular entry of PEG-LP/DOX and GE11-LP/DOX. Importantly, the inhibitory effect of chlorpromazine on cellular uptake of GE11-LP/DOX was significantly stronger than that of PEG-LP/DOX (*P*\<0.01), suggesting that GE11 increased endocytosis of the liposome mainly via the clathrin-mediated pathway. Using colchicine, a specific inhibitor of macropinocytosis,[@b34-ijn-9-921],[@b37-ijn-9-921] the mean fluorescence intensities for PEG-LP/DOX and GE11-LP/DOX were reduced to 86.4% and 86.1% of the control value, respectively. Although these values were significantly lower than that of the control, the difference between PEG-LP/DOX and GE11-LP/DOX was not significant, indicating that macropinocytosis participated in internalization of PEG-LP/DOX and GE11-LP/DOX, but this endocytosis pathway was less dependent on GE11. Filipin was used as an inhibitor to specifically block caveolae-mediated endocytosis through cholesterol depletion.[@b33-ijn-9-921],[@b38-ijn-9-921] It seemed that filipin did not inhibit cellular uptake of PEG-LP/DOX and only a small decrease in cellular uptake of GE11-LP/DOX was observed, confirming that the liposomes were not internalized via the caveolae-mediated endocytosis pathway. Together, these findings suggest that multiple pathways are involved in endocytosis of the liposome and it is believed that GE11 exerts its function mainly via clathrin-mediated endocytosis.

### Subcellular localization of liposomes

To verify further the endocytosis pathways via which the liposomes entered tumor cells, subcellular localization of PEG-LP/DOX and GE11-LP/DOX in A549 cells was investigated by confocal laser scanning microscopy. The nucleus and lysosomes were stained using Hoechst 33342 (blue) and Lyso tracker green (green), respectively. After one hour of incubation, both yellow fluorescence and red fluorescence were visible in the cytoplasm for PEG-LP/DOX and GE11-LP/DOX ([Figure 8A](#f8-ijn-9-921){ref-type="fig"} and [H](#f8-ijn-9-921){ref-type="fig"}). The yellow fluorescence originated from the overlap of the red fluorescence of the liposome and the green fluorescence of the marked lysosomes. To our knowledge, nanocarriers internalized via clathrin-mediated endocytosis are eventually delivered into the acidic compartment of lysosomes.[@b38-ijn-9-921],[@b39-ijn-9-921] With regard to internalization via the macropinocytosis pathway, a nanocarrier can directly enter into the cytoplasm while bypassing lysosomes.[@b40-ijn-9-921] The coexistence of yellow fluorescence and red fluorescence in the cytoplasm is consistent with the conclusion of the inhibition experiment. Further, more dots with yellow fluorescence were found in the cytoplasm for GE11-LP/DOX. This observation, from a different perspective, established that GE11 indeed assisted internalization of the liposome via the clathrin-mediated endocytosis pathway. With the passage of time, the intensity of either the yellow fluorescence or the red fluorescence was progressively strengthened ([Figure 8L](#f8-ijn-9-921){ref-type="fig"} and [P](#f8-ijn-9-921){ref-type="fig"}). Importantly, many purple dots were observed in the nucleus for GE11-LP/DOX at 2 hours, which could be ascribed to overlap of the fluorescence of doxorubicin and that in the nucleus. In comparison, under otherwise the same conditions, less purple fluorescence was found in the nucleus for PEG-LP/DOX. Based on this fact, it seems that GE11 is conducive to rapid cellular uptake and intracellular trafficking of the liposome.

In vivo targeting study
-----------------------

The targeting ability of GE11-PEG-LP in A549 tumor-bearing nude mice was estimated using near-infrared fluorescence imaging. Prior to injection of GE11-LP through the tail vein, the liposome was labeled with near-infrared Cy7 dye. The near-infrared fluorescence signals of Cy7-labeled GE11-PEG-LP were monitored at scheduled time points and Cy7-labeled PEG-LP was used as the control. As shown in [Figure 9A](#f9-ijn-9-921){ref-type="fig"}, both types of liposome were mainly concentrated in the organs, ie, the liver and spleen, in the first 2 hours. With increasing circulation time, the fluorescence intensity of PEG-LP and GE11-PEG-LP in these organs gradually decreased, while the fluorescence intensity in tumor tissue was steadily enhanced until accumulation of the liposomes in the tumor tissue reached a maximum 12 hours after injection. The increasing accumulation in tumor tissue over time could be ascribed to the enhanced permeability and retention effect.[@b14-ijn-9-921],[@b41-ijn-9-921] Moreover, it was interesting that the mean fluorescence intensity for GE11-PEG-LP in tumor tissue was always significantly stronger than that for PEG-LP during the time period of 24 hours. It is widely accepted that accumulation of a nanocarrier in tumor tissue via the enhanced permeability and retention effect is primarily a size-dependent process, but if the nanocarrier reaching the tumor site cannot be taken up rapidly by tumor cells, the enhanced permeability and retention effect will be compromised due to weakened nanocarrier leakage into tumor tissues.[@b42-ijn-9-921] As described in the aforementioned experiments, GE11 was capable of facilitating cellular uptake of the liposome. Therefore, it is reasonable to consider that GE11-mediated internalization accounts for the significant difference in mean fluorescence intensity between PEG-LP and GE11-PEG-LP in this in vivo study. Further, it seemed that GE11 was beneficial for slowing down elimination of the liposomes from the body, as demonstrated by the approximately 2.2-fold stronger mean fluorescence intensity for GE11-PEG-LP than that for PEG-LP at 24 hours. These results show that GE11-PEG-LP indeed has potential for active targeting to NSCLC overexpressing EGFR.

Conclusion
==========

In the present study, a series of doxorubicin-loaded liposomes containing GE11 of varying density was successfully prepared, and modification by GE11 did not impact the characteristics of the liposomes, including size distribution, zeta potential, and entrapment efficiency. It was demonstrated that the cytotoxic effect of doxorubicin-loaded liposomes on A549 cells was closely related to GE11 density, and liposomes containing 10% GE11 showed the highest tumor killing activity. GE11 was able to facilitate cellular uptake of the liposome via EGFR-mediated endocytosis and this process occurred in a time-dependent manner. Multiple endocytosis pathways appeared to be involved in entry of the liposome into the cell, and it was believed that GE11 assisted in internalization of the liposome mainly via clathrin-mediated endocytosis. An in vivo imaging experiment showed that modification using GE11 could increase accumulation and prolong retention of the liposome at the tumor site. This GE11-modified liposome may be a promising carrier for delivery of therapeutic drugs in NSCLC.
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![^1^H-NMR (**A**) and Fourier transform infrared spectra (**B**) for DSPE-PEG~2000~-GE11 and high-pressure liquid chromatographic curves for DSPE-PEG~2000~-Mal (**C**-**a**), free GE11 (**C**-**b**), DTT (**C**-**c**), the reaction mixture (**C**-**d**), and the reaction mixture treated with DTT (**C**-**e**).\
**Abbreviations:** DSPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine; PEG, polyethylene glycol; DTT, DL-dithiothreitol; DMSO, dimethyl sulfoxide.](ijn-9-921Fig1){#f1-ijn-9-921}

![Schematic illustration of the post insertion method used to prepare doxorubicin-loaded liposomes containing GE11 (**A**) and transmission electron micrographs of doxorubicin-loaded liposomes (**B**-**a**) and doxorubicin-loaded liposomes containing GE11 (**B**-**b**).\
**Abbreviations:** DOX, doxorubicin; PEG, polyethylene glycol; DSPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine.](ijn-9-921Fig2){#f2-ijn-9-921}

![Cytotoxicity of the liposomal carriers without doxorubicin including plain liposomes, PEG-LP, and GE11-modified liposomes with different GE11 densities (**A**) and cytotoxic effect of PEG-LP/DOX and GE11-LP/DOX with different GE11 densities on A549 cells (**B**), and cell viabilities of A549 cells treated with doxorubicin, PEG-LP/DOX, or GE11-LP/DOX at different doxorubicin concentrations (**C**).\
**Notes:** The doxorubicin concentration used was 7.5 μg/mL in the experiment for determining the cytotoxic effect of PEG-LP/DOX and GE11-LP/DOX with different GE11 densities on A549 cells. All data are shown as the mean ± standard deviation (n=3). \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.\
**Abbreviations:** DOX, doxorubicin; PEG, polyethylene glycol; LP, liposomes; NS, not statistically significant.](ijn-9-921Fig3){#f3-ijn-9-921}

![Confocal images of A549 cells treated with PEG-LP/DOX, GE11-LP/DOX, or GE11-LP/DOX preincubated with free GE11 for 1 hour or 2 hours.\
**Notes:** The nucleus was stained with Hoechst 33342 and visualized as blue fluorescence, and PEG-LP/DOX and GE11-LP/DOX was visualized as red fluorescence. These images were taken at a magnification of 40×.\
**Abbreviations:** DOX, doxorubicin; PEG, polyethylene glycol; LP, liposomes.](ijn-9-921Fig4){#f4-ijn-9-921}

![Flow cytometry studies of cellular uptake of liposomes showing histogram profiles and mean fluorescence intensities of doxorubicin in A549 cells treated with PEG-LP/DOX, GE11-LP/DOX, and GE11-LP/DOX preincubated with free GE11 (**A** and **B**) and the results of cellular uptake of PEG-LP/DOX and GE11-LP/DOX by K562 cells (**C**).\
**Notes:** Before determination by flow cytometry, A549 cells were rinsed three times in cold phosphate-buffered saline to remove the absorbed liposomes on the cell surface. In the competition experiments, free GE11 (20 μg/mL) was preincubated with A549 cells for 30 minutes, followed by continued incubation with GE11-LP/DOX solution. The data are shown as the mean ± standard deviation (n=3). \*\**P*\<0.01; \*\*\**P*\<0.001.\
**Abbreviations:** DOX, doxorubicin; PEG, polyethylene glycol; LP, liposomes; NS, not statistically significant.](ijn-9-921Fig5){#f5-ijn-9-921}

![Effects of low temperature (**A**) and ATP depletion (**B**) on cellular uptake of liposomes.\
**Notes:** The low temperature experiment was performed by preincubating A549 cells at 4°C for 30 minutes. The ATP depletion experiment was performed by preincubating A549 cells with sodium azide (10 mM) and 2-deoxy-d-glucose (6.5 mM) at 37°C for one hour. The data are shown as the mean ± standard deviation (n=3). \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.\
**Abbreviations:** DOX, doxorubicin; PEG, polyethylene glycol; LP, liposomes; NS, not statistically significant.](ijn-9-921Fig6){#f6-ijn-9-921}

![Experimental results of cellular uptake of liposomes treated with specific inhibitors. (**A**) Cytotoxicity of the chosen inhibitors against A549 cells. (**B**) Relative uptake percentages of PEG-LP/DOX and GE11-LP/DOX after treatment with different uptake inhibitors.\
**Notes:** Cells in the presence of PEG-LP/DOX or GE11-LP/DOX but without treatment with inhibitors were used as controls and their mean fluorescence intensities were expressed as 100%. The concentrations used of chlorpromazine, colchicine, and filipin were 10 μg/mL, 40 μg/mL, and 4 μg/mL, respectively. The data are shown as the mean ± standard deviation (n=3). \**P*\<0.05; \*\*\**P*\<0.001.\
**Abbreviations:** DOX, doxorubicin; PEG, polyethylene glycol; LP, liposomes; NS, not statistically significant.](ijn-9-921Fig7){#f7-ijn-9-921}

![Confocal images of A549 cells after incubation with PEG-LP/DOX or GE11-LP/DOX for 1 hour or 2 hours. Liposomes were shown as red fluorescence (**A**, **E**, **I** and **M**), lysosomes were visualized as the green fluorescence after staining cells by Lyso tracker green (**B**, **F**, **J** and **N**), and nucleus in each cell labeled with Hoechst 33342 stained a blue color. Overlapped images of the liposomes with lysosomes are shown in (**C**, **G**, **K** and **O**) and magnified images of the white boxed area were displayed in (**D**, **H**, **L** and **P**).\
**Notes:** A549 Cells were stained with Lyso tracker green (80 μg/mL) for 60 minutes and Hoechst 33342 (10 μg/mL) for 20 minutes, and the cells were then treated with 5% paraformaldehyde at room temperature for 15 minutes. The yellow fluorescence originated from the overlap of the red fluorescence of the liposomes with the green fluorescence of the marked lysosomes. The pink fluorescence originated from the overlap of the red fluorescence of DOX with blue fluorescence marked nucleus.\
**Abbreviations:** DOX, doxorubicin; PEG, polyethylene glycol; LP, liposomes.](ijn-9-921Fig8){#f8-ijn-9-921}

![In vivo distribution of the liposomes in tumor-bearing nude mice after intravenous injection of Cy7-labeled liposomes. (**A**) Fluorescence images of Cy7-labeled liposomes in tumor-bearing nude mice, with tumor location pointed out with a white arrow. (**B**) Mean fluorescence intensity of Cy7-labeled liposomes in tumor sites at different time points.\
**Notes:** Each experimental group contained three mice and the fluorescence intensity determined in the tumors is presented as the mean ± standard deviation. \**P*\<0.05.\
**Abbreviations:** LP, liposomes; PEG, polyethylene glycol; NS, not statistically significant; h, hours.](ijn-9-921Fig9){#f9-ijn-9-921}

###### 

Physicochemical characteristics of liposomes loaded with doxorubicin (n=3)

  Formulations       Molar ratios of PEG components to phospholipid   Particle size (nm)   PDI           Zeta potential (mV)   EE (%)      
  ------------------ ------------------------------------------------ -------------------- ------------- --------------------- ----------- ----------
  LP                 0                                                0                    112.5±0.4     0.187                 −13.7±0.7   0
  LP/DOX             0                                                0                    116.7±1.0     0.178                 −14.7±0.5   93.1±1.2
  PEG-LP/DOX         15                                               0                    123.7±1.2     0.167                 −8.0±0.7    92.8±0.5
  2.5% GE11-LP/DOX   12.5                                             2.5                  122.6±0.9     0.196                 −9.3±0.8    92.3±2.4
  5% GE11-LP/DOX     10                                               5                    123.4±0.5     0.201                 −8.9±0.2    92.5±2.2
  10% GE11-LP/DOX    5                                                10                   124.0±1.1     0.210                 −10.3±0.4   92.3±0.8
  15% GE11-LP/DOX    0                                                15                   124.2*±*1.5   0.206                 −11.9±0.6   92.0±1.1

**Notes:** Particle size and zeta potential of all the liposomes were determined by dynamic light scattering and each sample was diluted 20-fold in distilled water (pH 7.4) before analysis. Data are presented as the mean ± standard deviation (n=3).

**Abbreviations:** DOX, doxorubicin; DSPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine; LP, liposome; PEG, polyethylene glycol; PDI, polydispersity index; EE, encapsulation efficiency.
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